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We have analyzed magnetic-field-dependent small-angle neutron scattering (SANS) data of soft
magnetic two-phase nanocomposite ferromagnets in terms of a recent micromagnetic theory for
the magnetic SANS cross section [D. Honecker and A. Michels, Phys. Rev. B 87, 224426 (2013)].
The approach yields a value for the average exchange-stiffness constant and provides the Fourier
coefficients of the magnetic anisotropy field and magnetostatic field, which is related to jumps of
the magnetization at internal interfaces.
PACS numbers: 61.05.fd, 61.05.fg, 75.25.−j, 75.75.−c
Progress in the field of nanomagnetism1 relies on the
continuous development and improvement of observa-
tional (microscopy and scattering) techniques. For in-
stance, advances in spin-polarized scanning tunneling mi-
croscopy, electron microscopy and holography, Kerr mi-
croscopy, and synchrotron-based x-ray techniques such
as x-ray magnetic circular dichroism allows one to re-
solve ever finer details of the magnetic microstructure
of materials, with a spatial resolution that ranges from
macroscopic dimensions down to the atomic scale (see,
e.g., Ref. 2 and references therein).
The technique of neutron scattering is of particular im-
portance for magnetism investigations, since it provides
access to the structure and dynamics of magnetic materi-
als on a wide range of length and time scales.3 Moreover,
in contrast to electrons or light, neutrons are able to pen-
etrate deeply into matter and, thus, enable the study of
bulk properties.
Magnetic small-angle neutron scattering (SANS) mea-
sures the diffuse scattering along the forward direction
which arises from nanoscale variations in the magni-
tude and orientation of the magnetization vector field
M(r).4–7 The measurable quantity in a magnetic SANS
experiment—the (energy-integrated) macroscopic differ-
ential scattering cross section dΣ/dΩ—depends on the
Fourier coefficients of M(r). These Fourier coefficients
M˜(q) depend in a complicated manner on the mag-
netic interactions, the underlying microstructure (e.g.,
particle-size distribution and crystallographic texture),
and on the applied magnetic field. The continuum the-
ory of micromagnetics8–10 provides the proper framework
for computing dΣ/dΩ.11–13
In a recent paper14 we have derived closed-form ex-
pressions for the micromagnetic SANS cross section of
two-phase particle-matrix-type bulk ferromagnets. Pro-
totypical examples for this class of materials are hard and
soft magnetic nanocomposite magnets, which consist of
a dispersion of crystalline nanoparticles in a (crystalline
or amorphous) magnetic matrix. Due to their technolog-
ical relevance, e.g., as integral components in electronics
devices or motors, these materials are the subject of an
intense worldwide research effort.15,16 From the micro-
magnetic point of view, due to the change of the materials
parameters (exchange and anisotropy constants, satura-
tion magnetization), the internal interfaces cause a sig-
nificant perturbation of the magnetization distribution.
In fact, previous magnetization and electron-holography
studies17–20 have discussed the effect of magnetostatic in-
teractions in such samples, and SANS experiments21–23
have indicated that jumps in the value of the saturation
magnetization at the particle-matrix interface represent
a dominating source of spin disorder.
It is the aim of this communication to test the pre-
viously published theory for the magnetic SANS cross
section of two-phase nanocomposites (Ref. 14) against
experimental data and to determine quantitatively the
magnetic-interaction parameters; in particular, the ex-
change constant and the strength and spatial structure
of the magnetic anisotropy and magnetostatic field. For
this purpose, we have analyzed existing magnetic-field-
dependent neutron data of soft magnetic nanocompos-
ites from the Nanoperm family of alloys.21,22,24 The
microstructure of these materials consists of a disper-
sion of bcc iron nanoparticles in an amorphous mag-
netic matrix.15 The particular alloys under study have
a nominal composition of Fe89Zr7B3Cu (particle size:
12 ± 2 nm; crystalline volume fraction: ∼ 40%; satura-
tion magnetization: 1.26T) and (Fe0.985Co0.015)90Zr7B3
(particle size: 15 ± 2 nm; crystalline volume fraction:
∼ 65%; saturation magnetization: 1.64T); the addi-
tion of a small amount of Co results in a vanishing
magnetostriction.25 For more details on sample synthe-
sis, characterization, and on the SANS experiments, we
refer to Refs. 15, 21, 22, 24, and 25.
As shown in Ref. 14, near magnetic saturation and
for the scattering geometry where the applied magnetic
field H0 ‖ ez is perpendicular to the wave vector of the
incoming neutron beam, the elastic SANS cross section
dΣ/dΩ of a two-phase particle-matrix-type ferromagnet
2can be written as
dΣ
dΩ
(q) =
dΣres
dΩ
(q) +
dΣM
dΩ
(q), (1)
where
dΣres
dΩ
(q) =
8pi3
V
b2H
(
|N˜ |2
b2H
+ |M˜z|2 sin2 θ
)
(2)
represents the (nuclear and magnetic) residual SANS
cross section, which is measured at complete magnetic
saturation, and
dΣM
dΩ
(q) = SH(q)RH(q, θ,Hi) + SM (q)RM (q, θ,Hi)
(3)
is the spin-misalignment SANS cross section. In these
expressions, q is the momentum-transfer vector, V is the
sample volume, bH = 2.9 × 108A−1m−1, and N˜(q) and
M˜z(q) denote, respectively, the Fourier amplitudes of the
nuclear scattering-length density and of the longitudinal
magnetization (parallel to H0). The magnetic scattering
due to transversal spin components, with related Fourier
amplitudes M˜x(q) and M˜y(q), is contained in dΣM/dΩ,
which decomposes into a contribution SH × RH due to
perturbing magnetic anisotropy fields and a part SM ×
RM related to magnetostatic fields. The micromagnetic
SANS theory considers a uniform exchange interaction
and a random distribution of magnetic easy axes, but
takes explicitely into account variations in the magnitude
of the magnetization (via the function SM , see below).
The anisotropy-field scattering function
SH(q) =
8pi3
V
b2H |h|2 (4)
depends on the Fourier coefficient h(q) of the magnetic
anisotropy field, whereas the scattering function of the
longitudinal magnetization
SM (q) =
8pi3
V
b2H |M˜z|2 (5)
provides information on the magnitude ∆M ∝ M˜z of the
magnetization jump at internal (particle-matrix) inter-
faces. The corresponding (dimensionless) micromagnetic
response functions can be expressed as
RH(q, θ,Hi) =
p2
2
(
1 +
cos2 θ(
1 + p sin2 θ
)2
)
(6)
and
RM (q, θ,Hi) =
p2 sin2 θ cos4 θ(
1 + p sin2 θ
)2 + 2p sin2 θ cos2 θ1 + p sin2 θ , (7)
where p(q,Hi) = Ms/Heff and θ represents the an-
gle between H0 and q ∼= q(0, sin θ, cos θ). The ef-
fective magnetic field Heff(q,Hi) = Hi
(
1 + l2Hq
2
)
de-
pends on the internal magnetic field Hi and on the ex-
change length lH(Hi) =
√
2A/(µ0MsHi) (Ms: satu-
ration magnetization; A: exchange-stiffness parameter;
FIG. 1. (Color online) Illustration of the neutron-data anal-
ysis procedure according to Eq. (10). The total dΣ/dΩ (•)
at q⋆ = 0.114 nm−1 is plotted versus the response functions
RH and RM at experimental field values (in mT) of 1270,
312, 103, 61, 42, 33. The plane represents a fit to Eq. (10).
The intercept of the plane with the dΣ/dΩ-axis provides the
residual SANS cross section dΣres/dΩ, while SH and SM are
obtained from the slopes of the plane (slopes of the thick black
and red lines).
µ0 = 4pi10
−7Tm/A). When the functions N˜ , M˜z and h
depend only on the magnitude q of the scattering vector,
one can perform an azimuthal average of Eq. (1). The
resulting expressions for the response functions read
RH(q,Hi) =
p2
4
(
2 +
1√
1 + p
)
(8)
and
RM (q,Hi) =
√
1 + p− 1
2
, (9)
so that the azimuthally-averaged total nuclear and mag-
netic SANS cross section can written as
dΣ
dΩ
(q) =
dΣres
dΩ
(q)+SH(q)RH(q,Hi)+SM (q)RM (q,Hi).
(10)
For given values of the materials parameters A and
Ms, the numerical values of both response functions are
known at each value of q and Hi. Equation (10) is lin-
ear in both RH and RM , with a priori unknown func-
tions dΣres/dΩ, SH and SM . By plotting at a partic-
ular q = q⋆ the values of dΣ/dΩ measured at several
Hi versus RH(q
⋆, Hi, A) and RM (q
⋆, Hi, A), one can ob-
tain the values of dΣres/dΩ, SH and SM at q = q
⋆ by
(weighted) least-squares plane fits (see Fig. 1). Treating
the exchange-stiffness constant in the expression for Heff
as an adjustable parameter, allows one to obtain infor-
mation on this quantity.
Figure 2 provides a qualitative comparison between
experiment, analytical theory, and numerical micromag-
netic simulations for the spin-misalignment SANS cross
section dΣM/dΩ. The purpose of this figure is to demon-
strate that the experimental anisotropy (θ-dependence)
of dΣM/dΩ (upper row in Fig. 2) can be well reproduced
by the theory. At the largest fields, one observes the
3FIG. 2. (Color online) Qualitative comparison between exper-
iment, analytical theory, and numerical micromagnetic simu-
lations. Upper row: Experimental spin-misalignment SANS
cross sections dΣM/dΩ of Fe89Zr7B3Cu (Ref. 21) in the plane
of the two-dimensional detector at selected applied magnetic
fields (see insets). The dΣM/dΩ were obtained by subtracting
the scattering at a saturating field of 1994mT. H0 is hori-
zontal. Middle row: Prediction by the micromagnetic the-
ory for dΣM/dΩ, Eq. (3), at the same field values as above.
For both M˜z(qR) and h(qR) we have used the form factor of
the sphere with a radius of R = 6nm. Furthermore, the
following materials parameters were used: A = 3.1 pJ/m;
µ0Ms = 1.26T; µ0Hp = 0.01T; µ0∆M = 0.05 T. Lower row:
Results of full-scale three-dimensional micromagnetic simula-
tions for dΣM/dΩ; for further details, see Refs. 11–13. Pixels
in the corners of the images have q ∼= 0.5 nm−1. Linear color
scale is used.
so-called clover-leaf anisotropy with maxima in dΣM/dΩ
roughly along the diagonals of the detector. Clearly, this
feature is due to the term SM×RM in dΣM/dΩ [compare
Eq. (7)]. Reducing the field results in the emergence of
a scattering pattern that is more of a cos2 θ-type (with
maxima along the horizontal direction). The observed
transition in the experimental data is qualitatively re-
produced by the analytical micromagnetic theory (mid-
dle row, compare also Figs. 2 and 3 in Ref. 14), and by
the results of full-scale three-dimensional micromagnetic
simulations for dΣM/dΩ (lower row). Note that both
analytical theory and micromagnetic simulations do not
contain instrumental smearing effects.
The azimuthally-averaged field-dependent SANS cross
sections of both Nanoperm samples along with the fits
to the micromagnetic theory [Eq. (10), solid lines] are
displayed in Figs. 3(a) and 3(b). It is seen that for both
samples the entire (q,H) dependence of dΣ/dΩ can be ex-
cellently described by the micromagnetic prediction. As
expected, both residual SANS cross sections dΣres/dΩ
(◦) are smaller than the respective total dΣ/dΩ at the
highest field, supporting the notion of dominant spin-
misalignment scattering in these type of materials. From
the fit of the entire (q,H) data set to Eq. (10) one ob-
tains values for the volume-averaged exchange-stiffness
constants [compare insets in Figs. 3(a) and 3(b)]. We
obtain A = 3.1 ± 0.1 pJ/m for the Co-free alloy and
A = 4.7±0.9 pJ/m for the zero-magnetostriction Nanop-
erm sample.
Since jumps in A have not been taken into account
in our micromagnetic SANS theory, the determined A-
values represent mean values, averaged over crystalline
and amorphous regions within the sample. The thick-
ness δ of the intergranular amorphous layer between
the iron nanoparticles can be roughly estimated by26
δ = D(x
−1/3
C − 1), where D is the average particle size
and xC denotes the crystalline volume fraction. For
Fe89Zr7B3Cu with D = 12 nm and xC = 40% we obtain
δ ∼= 4nm, whereas δ ∼= 2nm for (Fe0.985Co0.015)90Zr7B3
with D = 15 nm and xC = 65%. Since one may ex-
pect that the effective exchange stiffness is governed
by the weakest link in the bcc-amorphous-bcc coupling
chain,15,27 the above determined experimental values for
A reflect qualitatively the trend in δ (and hence in xC)
between the two samples.
The experimental A-values seem to be in agree-
ment with the following expression for the effective
exchange-stiffness constant A of two-phase magnetic
nanostructures,15
D + δ√
A
=
D√
Acr
+
δ√
Aam
, (11)
where Acr and Aam denote, respectively, the local ex-
change constants of the crystalline iron and amorphous
matrix phase. Equation (11) has been derived by consid-
ering the behaviour of the tilting angle between exchange-
coupled local magnetizations.27 Aam can be roughly es-
timated by means of Aam = Acr
(
Mam
s
Mcr
s
)2
T am
c
T cr
c
, where
Acr = 10 pJ/m, µ0M
cr
s = 2.15T, T
cr
c = 1043K (Ref. 28),
and T amc
∼= 350K (Ref. 27); Mams is found by using the
measured Ms-value of the compound and the crystalline
volume fraction, according toMams = (Ms−xCM crs )/(1−
xC). By inserting these estimates in Eq. (11), we finally
obtain effective values of A = 2.1 pJ/m (Fe89Zr7B3Cu)
and A = 4.0 pJ/m [(Fe0.985Co0.015)90Zr7B3], which agree
reasonably with the experimental data.
In addition to the exchange-stiffness constant, analysis
of field-dependent SANS data in terms of Eq. (10) pro-
vides the magnitude squares of the Fourier coefficients of
the magnetic anisotropy field SH ∝ |h(q)|2 and of the lon-
gitudinal magnetization SM ∝ |M˜z(q)|2 ∝ (∆M)2 (see
Fig. 4). It is immediately seen in Fig. 4 that over most
of the displayed q-range |M˜z|2 is orders of magnitude
larger than |h|2, suggesting that jumps ∆M in the mag-
netization at internal interfaces is the dominating source
of spin disorder in these alloys. For Fe89Zr7B3Cu at the
largest q, the Fourier coefficient |h|2 becomes comparable
to |M˜z|2 [Fig. 4 (a)]. This explains the existence of the
cos2 θ-type anisotropy in dΣM/dΩ at the smallest fields
(compare Fig. 2).
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FIG. 3. (Color online) Azimuthally-averaged dΣ/dΩ of (a) Fe89Zr7B3Cu (Ref. 21) and (b) (Fe0.985Co0.015)90Zr7B3 (Ref. 24) at
selected applied magnetic fields (log-log scale). Field values (in mT) from bottom to top: (a) 1994, 321, 163, 85, 45; (b) 1270,
312, 103, 61, 33. Solid lines in (a) and (b): Fit to the micromagnetic theory, Eq. (10). (◦) Residual scattering cross sections
dΣres/dΩ. The insets depict the respective (reduced) weighted mean-square deviation between experiment and fit, χ
2/ν, as a
function of the exchange-stiffness constant A.
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FIG. 4. (Color online) Best-fit results for the scattering function of the anisotropy field SH = 8pi
3V −1b2H |h(q)|
2 and for the scat-
tering function of the longitudinal magnetization SM = 8pi
3V −1b2H |M˜z(q)|
2 of (a) Fe89Zr7B3Cu and (b) (Fe0.985Co0.015)90Zr7B3
(log-log scale).
Numerical integration of SH(q) and SM (q) over the
whole q-space, i.e.,
1
2pi2b2H
∫
∞
0
SH,M q
2 dq, (12)
yields, respectively, the mean-square anisotropy field
〈|Hp|2〉 and the mean-square longitudinal magnetiza-
tion fluctuation 〈M2z 〉 (e.g., Ref. 29). However, since
experimental data for SH and SM are only available
within a finite range of momentum transfers (between
qmin and qmax) and since both integrands SHq
2 and
SMq
2 do not show signs of convergence, one can only
obtain rough lower bounds for these quantities: For
the (Fe0.985Co0.015)90Zr7B3 sample (for which dΣ/dΩ is
available in absolute units), we obtain µ0〈|Hp|2〉1/2 ∼=
10mT and µ0〈M2z 〉1/2 ∼= 50mT. This finding qualita-
tively supports the notion of dominant spin-misalignment
scattering due to magnetostatic fluctuations.
Finally, we note that knowledge of SM ∝ |M˜z|2 and
of the residual SANS cross section dΣres/dΩ [Eq. (2)]
allows one to obtain the nuclear scattering |N˜ |2 (data
not shown), without using sector-averaging procedures
(in unpolarized scattering) or polarization analysis.30
To summarize, we have analyzed magnetic-field-
dependent SANS data of iron-based soft magnetic
nanocomposites in terms of a recent micromagnetic the-
ory for the magnetic SANS cross section. The approach
provides quantitative results for the mean exchange-
stiffness constant as well as for the Fourier coefficients of
the magnetic anisotropy field and the longitudinal mag-
netization. The observed angular anisotropy of the SANS
pattern, in particular, the clover-leaf anisotropy, can be
5well reproduced by the theory. For the two Nanoperm al-
loys under study, we find evidence that the magnetic mi-
crostructure close to saturation is dominated by jumps in
the magnetization at internal interfaces. A lower bound
for the root-mean-square longitudinal magnetization fluc-
tuation of ∼ 50mT could be estimated, as compared to
a mean magnetic anisotropy field of strength ∼ 10mT.
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